Background: The current study aimed to evaluate the role of gamma-amino butyric acid (GABA) in modulating histopathological and biochemical disturbances in the rat's small intestine following gamma radiation exposure.
Background
Radiation is a therapeutic method for the treatment of the variety of tumors, but its side effects on the normal tissues limit its effectiveness (Grdina, Murley, & Kataoka, 2002) . The gastrointestinal (GI) tract is one of the most radiosensitive organs in the body. Radiation exposure damages the intestinal crypts and endocrine glands of the GI tract (Hauer-Jensen, Wang, Boerma, Fu, & Denham, 2007) . Early radiation enteropathy occurs during radiotherapy as a result of intestinal crypts cell death, lacking the villus epithelium replacement and mucosal inflammation processes (Hauer-Jensen, Denham, & Andreyev, 2014) .
Damage of intestinal villi could be one of the major problems following radiotherapy process which in turn leads to reduction or loss of the digestive enzymes resulting in nutrient malabsorption (Czito & Willett, 2010) . Cellular radiation damage develops due to the direct or indirect action of radiation on the DNA molecules (Desouky, Ding, & Zhou, 2015; Jagetia & Reddy, 2005) .
Besides the digestion and absorption of nutrients, the small intestinal epithelium also contributes in host defense processes and in the elimination of pathogens (Müller, Autenrieth, & Peschel, 2005) . Paneth cell function was a puzzle, but they are now very important in innate intestinal defense as regulators of microbial concentration in the small intestine and play a role in the protection of adjacent intestinal stem cells (Elphick & Mahida, 2005) . Paneth cells have several apical cytoplasmic granules which, on cell stimulation, can be discharged into the crypt lumen (Ouellette, Satchell, Hsieh, Hagen, & Selsted, 2000) .
The present study explores the potent of gammaaminobutyric acid (GABA) treatment for the deleterious effects of radiation where GABA is considered to be the major inhibitory neurotransmitter in the central nervous system (Hori et al., 2013) . GABA results from glutamate by decarboxylation process through glutamic acid decarboxylase activity, and it produces biological effects through stimulation of A and B receptors of GABA (Watanabe, Maemura, Kanbara, Tamayama, & Hayasaki, 2002) . Both A and B receptors are found in nonneuronal cells of gut organs (Dong et al., 2006) . GABA is found in the rat jejunum epithelial cells (Wang, Watanabe, Zhu, & Maemura, 2004) . It has paracrine and autocrine properties in various peripheral tissues (Watanabe et al., 2002) . It has a role in the inhibition of many inflammatory cellular reactions (Tian et al., 2011) and has antidiabetic (Soltani et al., 2011) , antioxidant, and free radical-scavenging properties (Deng et al., 2013) . GABA is found all over the GI tract, in endocrine-like cells, and in enteric nerves, and it is considered as a neurotransmitter with an endocrine GI tract function (Hyland & Cryan, 2010) .
In view of these considerations, the aim of the current study was to evaluate the role of GABA in ameliorating the small intestine architecture resulting from radiationinduced damage. In parallel, the efficacy of GABA on radiation-induced oxidative stress has been evaluated.
Methods

Animals
A total of 40 adult male Swiss albino rats (Sprague dawley strain) (10 ± 2 weeks old: weighting 120 ± 10 g) purchased from the Egyptian Holding Company for Biological Products and Vaccines (Helwan, Cairo, Egypt) were used in the current study. Animals were housed collectively in plastic cages, maintained under standard conditions of light, ventilation, temperature, and humidity, and allowed free access to the standard pellet diet and tap water. For biochemical analysis, animals were sacrificed at 11:00 am ± 1 h. All animal procedures were carried out in accordance with the Ethics Committee of the National Research Centre conformed to the "Guide for the Care and Use of Laboratory Animals" published by the US National Institutes of Health.
Irradiation process
Gamma irradiation of rats was carried out at the National Center for Radiation Research and Technology (NCRRT), Egyptian Atomic Energy Authority (EAEA), Nasr city, Cairo, Egypt, using a Gamma Cell-40 (Cs-137), which ensured a homogeneous dose distribution all over the irradiation tray. The dose rate was 0.54 Gy/ min at the time of the experiment. The radiation dose level was 6 Gy single dose (acute dose).
Chemicals
Gamma-aminobutyric acid (GABA) purchased from Sigma-Aldrich, St Louis, Missouri, USA, in the form of 25-g phials was dissolved in distilled water and given to rats daily by gastric gavages at a dose of 200 mg/Kg body weight/day (Nakagawa, Yokozawa, Kim, & Shibahara, 2005) for three successive weeks.
Experimental design
Experimental animals were randomly divided into four groups (n = 10) treated in parallel and classified as following: group I (control group), normal healthy rats administered 1 ml distilled water daily during 3 weeks via gastric gavages; group II (GABA group), normal healthy rats administered GABA (200 mg/Kg body weight/day) daily during 3 weeks via gastric gavages; group III (Irradiated group), whole body gamma-irradiated rats with a single dose (6 Gy) administered 1 ml distilled water daily during 3 weeks via gastric gavages; and group IV (irradiated GABA-treated group), whole body gamma-irradiated rats with a single dose (6 Gy) administered GABA (200 mg/Kg body weight/day) daily during 3 weeks via gastric gavages 1 h post the radiation dose ( Figs. 1 and 2 ).
Sample collection
By the end of the third week, rats were sacrificed after a fasting period of 12 h next day to the last dose of administered GABA. Rats were anesthetized with light ether; sacrificed and small segments of jejunum were resected and washed with saline solution for histopathological examinations. Other small segments of the jejunum (10% w/v) were rapidly excised, homogenized in physiological saline using Teflon homogenizer (Glass-Col, Terre Haute, Ind., USA), and after centrifugation, the supernatant was used for the assessment of oxidative stress. Chemicals and reagents were purchased from Sigma-Aldrich, St Louis, MO, USA. Measurement of absorbance was performed using a T60 UV/VIS spectrophotometer, PG instruments, London, UK.
Tissue samples were fixed in 10% neutral buffered formalin and Carnoy's fixative and embedded in paraffin. The sections were cut at 5 μm and stained with hematoxylin and eosin, Masson's trichrome stain (Bancroft & Gamble, 2008) , periodic acid Schiff's (PAS) method (Drury & Wallington, 1980) , and Feulgen's reaction (Kiernan, 1981) . Sections were examined for mucosal injury, inflammation, and congestion and graded in a blinded manner by a pathologist. Sections stained with PAS were evaluated for goblet cell prevalence, and Masson's trichrome-stained sections were used to detect Paneth cells.
Assessment of oxidative stress
The extent of lipid peroxidation was assayed as described by Yoshioka, Kawada, Shimada, and Mori (1979) , advanced oxidation protein products (AOPPs) were determined according to the method of WitkoSarsat et al. (1996) , catalase activity was determined as described by Sinha (1972) , and glutathione peroxidase (GSH-Px) activity was determined according to the method of Necheles, Boles, and Allen (1968) .
Morphometric and cytometric analysis
For morphometric analysis, four whole circumference H&E sections were examined. The number of villi and crypts per circumference, mucosal thickness, mucosal thickness, and the outer intestinal perimeter were estimated. Ten wellorientated villi per segment were randomly selected and measured for villus height. For the cytometric analysis, nuclear area, proliferation index, and ploidy within random fields were estimated in Feulgen's stained sections. All morphometric and cytometric parameters were done in the pathology department, National Research Centre, Cairo, Egypt, using the Leica Qwin 500 Image Analyzer (LEICA Imaging Systems Ltd., Cambridge, England) which consists of Leica DM-LB microscope with JVC color video camera attached to a computer system Leica Q 500IW. The results were displayed in micrometers and recorded as the mean and standard deviation values.
Statistical analysis
The SPSS/PC computer program (version 20.0; SPSS Inc., Chicago, IL, USA) was used for statistical analysis of the results. Data were analyzed using one-way analysis of variance (ANOVA) followed by post hoc LSD test. The data were expressed as mean ± standard deviation (SD). Differences were considered statistically significant at P < 0.05 (George & William, 1980) .
Results
Histopathologic observations
The intestinal specimens obtained from the control and GABA groups were examined showing a normal histological structure of the villi and crypts (Fig. 3a, c) with normal Paneth cells (Figs. 3b, d and 4h, i) . The irradiated group showed severe degenerative changes (Figs. 3e, f and 4j) where mucosal damage appeared in the form of subepithelial space at the apex of some villi with capillary congestion and hemorrhage; other villi showed massive lifting of the epithelial layer from the lamina propria. Some denuded villi with exposed lamina propria and areas of complete ulceration were seen with increased cellularity of the lamina propria. Radiation-induced atrophy of both crypts and villi with a reduction in the number of both goblet and Paneth cells which appeared degranulated or disappeared totally. These changes were alleviated in irradiated GABA-treated group that showed minimal epithelial cell damage which appeared somewhat similar to that of the control group (Figs. 3g and 4k ).
Histochemical observations
Normal distribution of PAS +ve materials (magenta color) was observed in the jejunal tissue of both the control and GABA-treated rats; this was justified by moderate staining affinity of the PAS +ve materials. Also, increased stainability was noted in goblet cells and their mucin (Fig. 5l, m) . Decreased staining affinity of PAS +ve materials was detected in the jejunal tissue of irradiated group except for few numbers of goblet cells with their mucin that showed increased PAS-positive stainability (Fig. 5n) . However, a more or less normal PAS +ve material was evident in the jejunal tissue of irradiated GABA-treated group with increased staining affinity of both goblet and Paneth cells (Fig. 5o) .
Morphometric and cytometric analysis
The number of villi and crypts, the thickness of mucosa, musculosa layer, and the outer intestinal circumference decreased significantly after irradiation of rats (irradiated group) compared to those of the control group (Table 1) . A high proliferation index, elevated tetraploid value, and increased mean nuclear area were detected in the irradiated , ×400 ). e, f Jejunal tissues of IR group showing shortened and thickened villi with marked degenerative changes in the epithelial cells. The lamina propria showed congestion, oedema, increased cellularity, and hemorrhage. Few goblet and Paneth cells were seen. Mucosa showed sub-epithelial space at the apex of some villi with capillary congestion; other villi showed massive lifting of the epithelial layer from the lamina propria. Some denuded villi with exposed lamina propria and dilated capillaries were seen (×100, ×200). g Jejunal tissues of IR + GABA group showing normal villi, but some villi showed apical regions of sub-epithelial lifting with decreased number of goblet cells (×100) group (Table 2 and Fig. 1 ). All these parameters were improved in irradiated GABA-treated group (Table 2 and Fig. 2) .
Biochemical analysis
The current results revealed that there was no statistical difference between the control and the GABA groups where CAT, GSH-Px activities, MDA content, and AOPPs levels were within normal range. Whole body gamma irradiation of rats with 6 Gy (irradiated group) induced oxidative stress indicated by a highly significant increase in oxidant biomarkers (AOPPs and MDA) associated with highly significant decrease in the antioxidant (CAT and GSH-Px) values as compared with their respective values of the control group. In irradiated GABA-treated group, there was a highly significant increase in antioxidants activity and highly significant decrease in oxidant biomarkers as 
Discussion
Nowadays, ionizing radiation exposure is almost unavoidable (either accidental or intentional) because of the variability of applications of ionizing radiation including medical diagnostic and therapeutic purposes in addition to the occupational exposure to radiation which is common in the workers in these fields. Radiotherapy, an important modality in treating cancers, induces serious side effects that result from radiation-induced damage to normal tissues and may limit the therapeutic doses of ionizing radiation and thereby restrict the efficacy of the treatment (Baliga et al., 2012) . The small intestine is a radiosensitive organ. A new challenge for physicians is to ensure the patient quality of life by protecting normal cells and tissues from radiation damage while improving anticancer effectiveness (Weichselbaum, 2005) .
Results of the present study revealed that whole body 6 Gy of gamma irradiation of rats caused severe intestinal degenerative changes represented by intestinal mucosal damage in the form of subepithelial space at the apex of some villi with capillary congestion; other villi showed massive lifting of the epithelial layer from the lamina propria. Some denuded villi with exposed lamina propria and dilated capillaries were also seen with increased cellularity of the lamina propria. In addition, atrophy of both crypts and villi with a reduction in the number of both goblet and Paneth cells which appeared degranulated were also depicted. Similar findings were described before . All these observations of the current experiment resemble an intestinal mucositis which is a common adverse effect in patients undergoing radiation therapy. Histochemical observations of the current experiment revealed a marked decrease in PAS +ve materials throughout the jejunal tissue and increased PAS +ve materials were limited to the areas where few numbers of goblet cells with their mucin and Paneth cells found while their granules were reported earlier to be composed of carbohydrate-protein complexes (Ergun, Ergun, Asti, & Kurum, 2003) . These observations were corroborated by previous studies of other investigators where submucosal oedema, hyperemia, and infiltration of lamina propria with inflammatory cellular infiltration were found following 5 Gy gamma radiation exposure (Kanter & Akpolat, 2008; Akpolat, Kanter, & Uzal, 2009 ). Paneth cell reduction following gamma radiation exposure was also reported before (Eltahawy, Abunour, & Elsonbaty, 2012) .
In the small intestine, stem cells reside in the crypts of Lieberkühn produce progenitor cells that differentiate into four different cell types, including goblet cells, enterocytes, enteroendocrine cells, and Paneth cells (Haegebarth & Clevers, 2009 ). Paneth cells produce defensins to protect the small intestine against the bacterial entrance. However, stem cells have also been shown to decrease bacterial entrance (Van der Flier & Clevers, 2009 ). Moreover, Paneth cells release factors that help modulate the epithelial stem and progenitor cells that exist in the crypts of Lieberkühn and renew the small intestinal epithelium. Reduction of Paneth cells following 6 Gy gamma radiation exposure of rats may be attributed to small intestine inflammatory restoration during the post-irradiation time (Gorbunov, Garrison, & Kiang, 2010) , where dysfunction of Paneth cell may contribute to the pathogenesis process of inflammatory bowel disease (Clevers & Bevins, 2013) .
Morphometric analysis of the present experiment showed a significant decrease in the number of villi and crypts with high proliferation index, elevated tetraploid value, and increased mean nuclear area following 6 Gy Values are expressed as means ± standard deviation (n = 10) *Significantly different from the control at P < 0.05 of gamma radiation exposure indicating the high cellular turnover as a result of irradiation. In addition, the mucosal thickness, muscle layer, and the outer intestinal circumference decreased significantly post exposure demonstrating the damaging effects of radiation on the intestinal wall. The current results showed that these parameters are valuable to be measured in the evaluation of radiation effects. Kim et al. (2012) indicated that they are very sensitive biodosimetric markers after irradiation process. Acute effects of irradiation on the intestinal mucosa may be attributed to inhibition of mitotic divisions in the Lieberkühn crypts, and the loss of proliferative functions results in drop in the development of the small intestine epithelium and reduces the small intestine permeability to gut bacteria and antigens, which may intensify mucosal inflammation and dysfunction or lead to bacteremia (Son et al., 2013) . The current study showed that 6 Gy whole body gamma irradiation of male albino rats triggered oxidative stress indicated by a highly significant increase in the oxidant biomarkers (AOPP and MDA) and a highly significant decrease in antioxidant enzyme activity (CAT and GSH-Px) . Injurious effects of radiation are caused mainly by the overproduction of reactive oxygen species (ROS), which are products of the respiratory chain in mitochondria (Nita & Grzybowski, 2016) , damaged antioxidant system, or a combination of these issues. These ROS interact with living cell components producing harmful free radicals leading to lipid peroxidation and DNA damage processes (Jagetia & Reddy, 2005) . ROS can also interrupt the balance of endogenous protective systems, including enzymic antioxidants (CAT and GSHPx) defense system (Prasad, Menon, Vasudev, & Pugalendi, 2005) . The increase in the oxidant biomarkers in the present work has been reported before (Yurut-Caloglu et al., 2015) . The increase of MDA in the present experiment may be attributed to the interaction of OH·, a by-product of water radiolysis post gamma radiation exposure, with the cellular membrane polyunsaturated fatty acids (Spitz, Azzam, Li, & Gius, 2004) . Also, the increase in AOPP may be due to the interaction of ROS with various cellular proteins (Meaney et al., 2008) . Moreover, the decrease in antioxidant (CAT and GSH-Px) activity following gamma radiation exposure was reported earlier by Saada, Rezk, and Eltahawy (2010) , and such decrease may be attributed to the enzymatic action of these enzymes on free radicals formed by radiation during oxidative damage and lipid peroxidation where water radiolysis results in increased amounts of OH· and H 2 O 2 that lead to oxidation and inactivation of these enzymes (Farag & Darwish, 2016) , which is their consumption by increased ROS production; enzyme chemical bonds break as a direct effect of gamma radiation or enzyme synthesis inhibition (Osman, Darwish, & Farag, 2011) .
In this study, the administration of GABA to normal male albino rats for 3 weeks was of none valuable effects on the studied parameters which corroborate previous findings that chronic administration of GABA at up to 1 g/kg/day in rats was well tolerated without signs of injury for a period of up to 1 year (Yoshikuni, 2008) . GABA administration reduced the degenerative changes in the jejunal epithelial cells and significantly improved the survival of villi and crypts in gamma-irradiated rats. The injury of the Paneth cells and the distortion of goblet cells were mainly absent in GABA-treated rats. In addition, gastric administration of GABA after whole body gamma irradiation reduced the oxidative stress where GABA improved GSH-Px activity (Huang et al., Values are expressed as Means ± Standard Deviation (n = 10). Values between brackets show a percentage of change from Control. P1: significance vs control. P2: significance vs respective group (IR) not receiving GABA. NS: non-significant. P < 0.001 highly significant 2011). Improvement may be due to increased GABA level which may promote the increase of glutamate level in the entire body. Glutamate, the raw material for glutathione synthesis in the antioxidation system, recover and maintain the reduced glutathione level, by this way improving the activity of GSH-Px in the antioxidation system (Chen, Tang, Sun, & Xie, 2013) . Moreover, the modulator role of GABA following radiation exposure may also be attributed to its antioxidant and free radical-scavenging activities (Deng et al., 2013; Eltahawy, Abd El-Hady, Badawi, & Hammad, 2017) . Thus, GABA can attenuate various morphological, histopathological, and biochemical changes resulting from intestinal injury following radiation exposure demonstrating that GABA provides a significant ameliorative effect against intestinal injury following irradiation process.
Conclusions
In conclusion, the results of the biochemical investigation were in alliance with the histopathological findings where gastric administration of GABA was found to offer an advantageous treatment against gammairradiation-induced small intestine oxidative stress in rats, probably by utilizing ameliorative effects via its antioxidant and free radical-scavenging activities. Its mechanisms need to be further investigated. Also, further clinical studies are required to assess the safety and benefits of GABA before use in human beings and approval by Food and Drug administration (FDA).
